Spores of Dictyostelium discoideum undergo significant changes in fine structure during germination. The mitochondria progressively become less dense and lose their peripherally attached ribosomes, and the tubuli become more pronounced as germination proceeds. During this period, the three-layered spore wall breaks down in two stages: first, the outer and middle layers are ruptured as a unit, and, second, the inner wall is breached. Crystals and dark (lipid) bodies disappear shortly before or during emergence of the myxamoebae. Autophagic vacuoles are found in dormant spores and throughout the entire germination process. The addition of cycloheximide to germinating spores inhibited the loss of the crystals and dark (lipid) bodies. In addition, the drug inhibited the breakdown of the inner wall layer. Cycloheximide did not prevent the formation of the water expulsion vesicle or the apparent function of the autophagic vacuoles.
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The earliest developmental stage in the life cycle of Dictyostelium discoideum Raper is spore germination (1, 10, 11) . The spores of this cellular slime mold can be activated to germinate by exposure to heat or to solutions of peptones and amino acids (2, 3) . Once activated, each spore of D. discoideum will release a single myxamoeba under appropriate conditions (2, 10) . This germination process occurs in three well-defined stages (2, 4, 5) . The first phase, activation, is defined as the stage between the time spores are exposed to the activating event and the first sign of spore swelling. The second phase, spore swelling, begins with the formation of a lateral protuberance which enlarges with time. The swelling stage ends with the longitudinal splitting of the spore case. Just before emergence of the myxamoeba from the swollen spore (stage three), one occasionally sees a spore which appears to have partially emerged from an outer covering. This outer covering fluoresces in ultraviolet light when treated with Biofluor, indicating the presence of cellulose (4) . The inner layer enclosing the protoplast does not fluoresce, suggesting that little cellulose is present (6) . Presumably, the nascent myxamoeba escapes from its inner noncellulosic spore layer and assumes an amoeboid shape before germination is complete. This Several studies suggested that changes at the ultrastructural level might accompany spore germination. Takeuchi (16) indicated that the mitochondria of D. discoideum appear to change shape depending on the stage of the life cycle. More recently, it was shown that a shift from filamentous type of mitochondria to a more spherical type may accompany slime mold sporulation (7) . Mitochondrial changes are common during sporulation and germination of many fungi (14) . In addition, early studies with the aid of the electron microscope revealed that there are at laest two layers to the wall of dormant D. discoideum spores (9; H. Dembitzer, Abstr. Amer. Soc. Cell Biol., 2nd Annu. Meeting, p. 44, 1962). These two wall layers could correspond to the two observed with the light microscope. Recently, Hohl and Hamamoto (7) found that there are three layers to the wall of the dormant D. discoideum spores.
MATERIALS AND METHODS
Sorocarps of D. discoideum strain NC-4H were produced on a defined medium in the presence of Escherichia coli B/r (3). Sorocarps were allowed to age for 2 days before the spores were harvested with a glass slide. After washing, most of the spores were heat-shocked at 45.0 C for 30 min to induce germination (3, 4) . The heat-activated spores were then diluted into 100 ml of 10 mm potassium phosphate buffer and incubated at 23 C for 3.5 hr; the final spore concentration was 6 X 106/ml. Figure 1 quantitatively depicts the progress of spore germination; a semidiagrammatic sequence illustrating the changes in spore shape is also included.
In some experiments, cycloheximide at high concentration (200 ,Ag/ml) was added to the spore suspension directly after heat shocking; the cultures were also incubated at 23 C for 3.5 hr before harvesting.
Spore walls were isolated by breaking dormant spores with three passages through a French press. The broken spores were washed twice by low-speed centrifugation in 10 mm potassium phosphate buffer; the supernatant fluid containing mitochondria and other debris was discarded. The spore wall fragments were sedimented before fixation. For electron microscopy, 10 ml of the spore suspensions or the wall fragments was centrifuged at 600 X g to pellet spores, myxamoebae, and walls. The pellet was suspended in an ice-cold mixture containing 6.25% glutaraldehyde, 2.0% osmium tetroxide, and 1.0% phosphotungstic acid as described by Schafer-Danneel (13) ; the suspension was left in the cold for 1 hr (GOP fixation). All specimens were dehydrated in ethyl alcohol followed by propylene oxide, and embedded in Epon mixture. Sections were poststained in uranyl acetate followed by lead citrate, and pictures were taken on a Hitachi HU-1lA electron microscope.
RESULTS
The progress of germination and the accompanying gross morphological changes in a population of myxamoebae are shown in Fig. 1 . For the purpose of our description, we will distinguish the following stages: the dormant spore, which has been described in detail by Hohl and Hamamoto (7); the heat-activated spore; the beginning of spore swelling, about 1 to 1.5 hr after heat shocking; the fully swollen spore, about 2 to 2.5 hr after heat shocking; and the emerging myxamoeba, about 2.5 to 3.5 hr after heat shocking.
Spore wall. The presence of an outer, a middle, and an inner wall layer has been demonstrated for the dormant spore (7) . The outer wall is thin and electron-dense (Fig. 2) , the middle layer accounts for the bulk of the spore wall and is electron-transparent and slightly fibrillar in appearance (Fig. 2) , and the inner layer is thin and of medium electron density. Sometimes the middle and inner layers are not clearly distinguishable (Fig. 2) . Isolated walls from dormant spores (Fig.  4) clearly revealed the three layers and also demonstrated that there appears to be a tight adherence between the inner layer and the plasma membrane.
During spore swelling, discontinuities may already be observed involving the outer and middle layers. These ruptures could not be observed with the light microscope. At the beginning and during emergence of the myxamoebae, however, the breakdown of the outer and middle layers became evident with both light and electron microscopy ( Fig. 6, 7) . The texture of the middle layer became loose and displayed fibrillar elements in some sections of fully swollen spores. At this stage, the inner layer was still tightly affixed to the wavy plasma membrane (Fig. 7) . As the myxamoeba continues to emerge from the spore coat, the inner layer appeares stretched and thinned until it finally disappeared by a process that might involve rupture or partial dissolution. Thus, the emergence of the myxamoeba is a two-step process, involving first the rupture of the outer and middle layer and then the breakdown of the inner layer.
The empty spore cases returned to their original shape (Fig. 7) and still fluoresced in the presence of the cellulose-specific stain "Biofluor" (6) .
Protoplast. The mitochondria in the dormant spore were crenate, dense, and surrounded by ribosomes (7; Fig. 2 ). During germination, the mitochondria reverted to the appearance typical for the vegetative state (Fig. 7, 8 ). The first changes took place during the initial stages of swelling and were characterized by a loss of density of the mitochondrial matrix, a reappearance of the typical tubuli, and the detachment of the ribosomes from the mitochondrial periphery ( Fig. 5) . As the myxamoebae became ready to emerge from their spore coats, the mitochondria sometimes attained a more elongated shape. The mitochondrial inclusions, possibly representing the mitochondrial deoxyribonucleic acid as suggested by George (Ph.D. Thesis, University of Hawaii, Honolulu, 1968), were found throughout germination. Dormant spores may contain a series of elongated vacuoles, often tightly compressed, containing amorphous material and electron-transparent, spherical inclusions (Fig. 2) . These vacuoles were not observed after the spores were completely swollen. Instead autophagic vacuoles were observed (Fig. 6) . A transitional state between the elongated vacuoles and the autophagic vacuoles occasionally could be observed in sections made from partially swollen spores.
The water expulsion vesicle (contractile vacuole) was first seen in fully swollen spores by both light and electron microscopy.
Spherical, electron-transparent vesicles, lipoid (dark) bodies, and crystals were also found in dormant spores. The spherical vesicles were often lined by endoplasmic reticulum and can be associated with the lipoid bodies (Fig. 2, 3, 5) . The crystals (probably proteins; Fig. 3 ) remained intact until the spores were fully swollen and then broke down. A similar pattern also exists for the spherical vesicles and the lipoid (dark) bodies (Fig. 6) , so that the emerging myxamoebae appear to be devoid of these three components (Fig. 7, 8 ).
During the later stages of germination, numerous other small vesicles occurred, and there was an increase in endoplasmic reticulum (Fig. 6 to  8 ). Similar increases in endoplasmic reticulum have been observed in different groups of fungi during germination (14) . Also, various fibrillar cytoplasmic elements were noted during the later stages of germination (Fig. 6, 7) .
No distinct changes in number of ribosomes (or subribosomal particles) were observed during germination, nor did we note a change in the appearance of the plasma membrane during any of the stages studied.
Cycloheximide-treated spores. Cycloheximidetreated spores proceeded through the swelling stage and stopped before myxamoebae emergence, as observed by light (4) and electron microscopy. Cycloheximide, which is a protein-synthesis inhibitor (15) , did not block the detachment of the ribosomes from the mitochondrial periphery, the loss in density, and the appearance of the tubuli in the mitochondria; yet, the mitochondria remained crenated (Fig. 9 ). In addition, the autophagic vacuoles, the ribosomes, the endoplasmic reticulum, and the fibrillar elements were not affected by the treatment (Fig. 9) . Formation of the water expulsion vesicle was normal in the presence of the drug, as observed by light and electron microscopy. Cycloheximide also did not prevent the outer and middle spore wall layers from rupturing (Fig. 9) ; the remainder of the middle wall layer displayed fibrillar elements. On the other hand, the drug did prevent breakdown of the inner wall layer. The spherical vesicles and associated dark (lipid) bodies were not lost in the drugtreated spores (Fig. 9) . Also, the proteinaceous crystals were preserved in some sections of fully swollen spores. DISCUSSION Our results show that emergence of the myxamoebae is a two-step process. First the outer and middle layers rupture and then the myxamoebae break or dissolve the thin, inner layer and resume their vegetative stage. It has been established that the spore coat contains cellulose, glycogen, and a mucopolysaccharide (17, 18) . It is probable that the outer wall layer contains the mucopolysaccharide (7). The middle layer is likely to contain some of the cellulose, judging from its fibrillar texture and from the fact that both the cellulose and the middle layer make up the bulk of the spore coat. The composition of the inner layer is unknown, but we suggest that it may contain glycogen.
Since the outer and middle layers rupture to some extent, even in the presence of cycloheximide, it appears that either the enzyme(s) necessary for this event is preexisting or that the process is purely mechanical and a direct consequence of spore swelling. Recently, Rosness (12) showed that cellulose-splitting enzymes have their highest specific activity in dormant spores. Germinating spores may not need to synthesize cellulase(s) because of the high levels present in the dormant spores.
On the other hand, the breakdown of the inner wall probably requires de novo synthesis of enzymes, as this event is prevented in the presence of cycloheximide. An indirect effect on this event via a general inhibition of the energy metabolism by the drug appears unlikely, since, for example, the water expulsion vesicle continues to pulse in the presence of the drug.
The return of the mitochondria to the vegetative stage and the swelling and rounding up of the tightly appressed vacuoles may be interpreted as resulting primarily from rehydration, since these changes are not inhibited by the presence of cycloheximide.
The autophagic vacuoles appear unchanged by the addition of cycloheximide, indicating a breakdown of cell constituents even in the absence of protein synthesis. The enzyme trehalase normally increases sixfold at or during the emergence of the myxamoebae. Cycloheximide at 200 ,ug/ml depresses the level of trehalase in swollen spores below that of dormant spores (Cotter and Raper, in press). It is tempting to imagine that the autophagic vacuoles contain the machinery to break down some of the preexisting enzymes such as trehalase. Since no new enzyme would be produced in the presence of cycloheximide, a net decrease of enzyme would result, as has in fact been observed. The slight delay in breakdown of the outer and middle wall layers, as observed in cycloheximide-treated samples, could be explained likewise. The possible involvement of the vacuolar apparatus in the development of cellular slime molds has been implicated before (7, 8) .
The dark (lipid) bodies and crystals are probably either precursors or they may serve as energy storage compounds which are utilized during myxamoebae emergence. Cycloheximide completely prevented their loss although inhibiting myxamoebae emergence.
Thus far we have not been able to observe any morphological changes during heat activation.
In particular, there was no change in the structure of the plasma membrane. The first morphologically defined changes occurred during the first stages of spore swelling. Thus, the mechanism of heat activation remains unknown.
